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Summary 

Inconsistent with the view that hair follicle stem cells 
reside in the matrix area of the hair bulb, we found that 
label-retaining cells exist exclusively in the bulge area 
of the mouse hair follicle. The bulge consists of a sub- 
population of outer root sheath cells located En the 
midportion of the follicle at the arrector pill muscle at- 
tachment site. Keratlnocytes in the bulge area are rela- 
tively undifferentiated urtrastructu rally. They are nor- 
mally slow cycling, but can be stimulated to proliferate 
transiently by TPA. Located In a well-protected and 
nourished environment, these cells mark the lower 
end of the "permanent" portion of the follicle. Our find- 
ings, plus a reevaf uation of the literature, suggest that 
follicular stem cells reside in the bulge region, instead 
of the lower bulb. This new view provides insights Into 
hair cycle control and the possible involvement of hair 
follicle stem cells in skin carcinogenesis. 

Introduction 

The bulbar region of the hair follicle contains a pool of rela- 
tively undifferentiated epithelial cells, termed matrix cells, 
which give rise to the hair and its surrounding inner root 
sheath (Hashimoto and Shrbazaki, 1976). During the grow- 
ing phase (anagen) of the haJr cycle, these matrix cells 
proliferate extremely rapidly with a doubling time of 18-24 
hr (Van Scott et al., 1963). This proliferation appears to be 
tighrjy controlled. Not only does it depend on an acescent 
population of specialized mesenchymal cells, which form 
the dermal papilla, but it is also cyclic (Crounse and Sten- 
gle, 1959; Oliver, 1367a. 1967b; Dry, 1926; Chase et al., 
1951 ; Chase, 1954; Kligman , 1959). After a period of active 
growth in anagen, matrix cells cease to divide, and the 
lower tollfcfe regresses during catagen (Strafle et al., 
1961). When the regression is completed, the follicle 
enters telogsn, a resting phase that lasts for several 
months. The matrix cells then resume prollfe ration and 
produce a new hair bulb, thus reentering anagen and 
completing a hair cycle. 

It has generally been assumed that matrix cells, through 
their Interactions with the dermal papilla, play a central 
role in follicular growth and differentiation (Kligman, 1959; 
Van Scott et al., 1963; Pinkus, 1978). Given the important 



role attributed to the matrix, it is puzzling why a complete 
hair follicle can be regenerated after the matrix-containing 
hair bulb is surgically removed (Oliver, 1966, 1967&, 1957b). 
In addition, the controlling mechanism responsible for the 
cyclic growth of the hair has been enigmatic. 

A key issue that must be addressed when one considers 
the homeostasis and differentiation of any self-renewing 
tissue such as the hair follicle is the location of its stem 
cells. Based on previous studies of stem celts of the 
hemopoietic system and of several stratified squamous 
and simple epithelia, we know that stem ceils possess 
many of the following properties (Gilbert and Lajtha, 1965; 
Rotten et ah, 1979; Leblond, 1961; Lavker and Sun, 1962, 
1983; Buick and Pailak, 1984; Wright and Alison, 1984; 
Schermer et al., 1966; Cotsarelis et al., 1989): they are rel- 
atively undifferentiated, both ultrastructuraUy and bio- 
chemically; they have a large proliferative potential and 
are responsi We for the long-term maintenance and regen- 
eration of the tissue; they are normally slow cycling, pre- 
sumably to conserve their proliferative potential and to 
minimize DNA errors that could occur during replication; 
they can be stimulated to proliferate in response to wound- 
ing and to certain growth stimuli; they are often tocated in 
close proximity to a population of rapidly proliferating cells 
corresponding to the transient amplifying (TA) cells in the 
scheme of stem celHTA cell-^terminaJly differentiated 
cell; and finally, they are usually found in a well-protected, 
highly vascularized and innervated area. 

One of the most distinguishing features of stem ceils is 
their slow-cyciing nature (Wright and Alison, 1984). This 
means that a single puise of tritiated thymidine (pHJTdR) 
will not labei stem cells; rather, their labeling requires 
repeated administration of pHJTdR for a prolonged peri- 
od. Once labeled, ceils that cycle slowly will retain the iso- 
tope for an extended period of time and thus can be identi- 
fied as label-retaining cells (LRCs) (see Bickenbach, 1981; 
Morris et al., 1985). 

Using this approach, we have identified a discrete popu- 
lation of mouse hair follicle ceils that are slow cycling but 
can be induced into the proliferative pool in response to hy- 
perproliferative stimuli. eg., O-tetradecanoylphorbol-13- 
acetate (TPA), a potent tumor promoter. In addition, they 
possess a relatively undifferentiated cytoplasm and are 
well protected (they always remain intact and are left be- 
hind after hair plucking). The location of these cells was 
unexpected as they were not found in the matrix area of the 
bulb, where follicular stem cells are currently thought to 
reside. Instead, the ceHs were identified in a specific area 
of the outer root sheath called the "Wulsf or bulge (Unna, 
1676; Stohr. 1903-1904; Pinkus, 1958; Madsen, 1964), the 
attachment site of the arrector piii muscle. This area is be- 
low the opening of the sebaceous gland, and It marks the 
lower end of the •permanent' portion of the hair follicle; 
keratlnocytes betaw it degenerate during catagen and telo- 
gen phases of the hair cycle (Montagna, 1962). In embry- 
onic hair, the bulge is a prominent structure sometimes 
even larger than the hair bulb (Pinkus, 1958). However; it 
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Figure 1. LongTerm Lp *nng of Neonatal Mouse Skin with pHJTOR 
Newborn SEN CAR mice were injected subcutaneousry with [^jTdR 
<5 uCi per gram of body weight) twice daily for the first 7 days of life, 
and portions of flank skin were prepared tor 3 urn plastic sections fol- 
lowed by autoradiography. 

(a) Low magnification survey picture showing the epidermis (E), seba- 
ceous gland (S). and hair matrix (M). 

(b-d) High magnification views of the epidermis, sebaceous gland, 
and matrix, respectively. Note that almost all nuclei are labeled, includ- 
ing those in the hair matrix (M). 

Calibration bar In (a) « 100 urn. Calibration bars in (b-d) « 13 urn. 



is relatively inconspicuous in routine paraffin sections of 
adult follicles. Consequently, the bulge has attracted so lit- 
tle attention in the past thai It Is rarely mentioned in histol- 
ogy textbooks (Cormack, 1987; Stenn, 1988). The realiza- 
tion that hair follicle stem cells may reside in the bulge 
area provides new insights into how the hair cycle may be 
regulated and the possible involvement of the hair follicles 
in skin carcinogenesis. 

Results and Discussion 

Identification of Slow-Cycling Cells 
in Mouse Hair Follicles 

To label the normally slow-cycling follicular stem cells, we 
took advantage of the fact that in mice the formation of hair 
follicles occurs predominantly during the first 7-10 days of 
postnatal life (Dry, 1926; Wbibach, 1951). During this 
period, the follicular oeiJ population expands and most 
cells readily incorporate pHJTdR. Twice daily subcutane- 
ous injections of pHJTdR into newborn SENCAR mice 




Figure 2. Identification of Label-Retaining Cells in the Mouse Plloae- 
oaceous Unit 

Mice that were long-term labeled as described in Figure 1 were chased 
(or 4 weeks and sacrificed, and sktn sections were prepared for autora- 
diography. A survey picture is presented in (a), portions of which are 
shown at a higher magnification in (b). (c), and (d). The epidermis from 
three different areas Is shown in {bv-63); note occasional nuclei con- 
taining *H labeling (arrows), rn (0) the bulge (B) area of a hair follicle 
(also labeled as B in [aD is shown, situated next to a weiMeveJoped 
sebaceous gland (S) wrth foamy sebocytes. Note that In the bulge area 
many cells contain labeled nudel; an interesting feature of many of 
these bulge cells (arrows) is their irregularly shaped nudsi. tn (d) is 
shown a tangential cut of the bulb area from the same toJBcle whose 
bulge area Is shown m (c). Note the lack of LRCs in the matrix (M), al- 
though many mitotic figures (arrows) ana evident A vertical section of 
another bulb illustrating the absence of LRCs is shown In (e); the bulge 
area of this follicle contains LRCs (not shown). The asterisk denotes 
the dermal papilla. Calibration bar In (a) » 40 pm. Calibration bar in 
(e) - 13 urn; micrographs in (b-d) are at the same magnification. 



over the first 7 days of life resulted in the labeling of almost 
100% of nuclei in mouse epidermis, hair follicles, and se- 
baceous glands as well as fibroblasts and endothelial 
cells, as revealed by autoradiography of 3 pm plastic- 
embedded tissue sections (Figure 1). After the label was 
chased from these animals tor an additional 4 weeks, no 
LRCs were identified in the matrix area of any of the hair 
follicles (Figures 2d and 2a), indicating that the matrix 
does not contain slow-cycling celts. Indeed, as early as 1 
week after cessation of pHJTdR labeling 0 week chase), 
the matrix cells were devoid of label (data not shown), sug- 
gesting that essentially 100% of rnatrix cefls are involved 
in rapid proliferation. This supports an earlier suggestion 
that the growth fraction of hair matrix cells approaches 
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Figure a Two Other Examples of the Bulge Area Containing LflCs 
Low magnification survey pictures of two different f'tekte are shown in 
(a) and (c). The areas of these two pictures containing the bulge (B) 
and parts of the sebaceous gland (S) are shown at a higher magnifica- 
tion in (b) and (d). Note the irregularly shaped nuclei in some of the 
bulge ceils (arrows) and the absence of LRCs in sebaceous glands (S). 
Calibration bar in (a) - 40 jim. Calibration bar in (c) m 66 pm. Calibra- 
tion bar m (d) - 13 um; the micrograph in (b> Is at ths same magnifi- 
cation. 

/ 

unity (Weinstein, 1979). Unexpectedly, groups lot LRCs 
can be seen in the mrdfollicle, in an area of the outer root 
sheath that can be identified morphologically as the bulge 
(Figures 2c and 3). These bulges usually lie immediately 
below, and at times appear to be pressed against, the se- 
baceous glands, which did not contain any LRCs. A strik- 
ing morphological feature of many of these bulge ceils is 
their irregularly shaped nuclei (Figures 2c 3b, and 3d). 
This feature has previously been described In the bulge 
cells of human hair follicles (Madsen, 1964). 

Similar results were obtained when we repeated these 
experiments using adult SENCAR mice implanted with AJ* 
zst osmotic minipumps, which continuously delivered a 
total of 20 »Cj of pHJTdR per day for 2 weeks. After a 4 
week chase period, LRCs were again found exclusively in 
the bulge region; no LRCs were found in other areas of 
the follicle, including the matrix and the sebaceous glands 
<data not shown). Although these results confirmed the 
neonatal data, it should be noted thai in these experi- 
ments we found fewer follicles containing LRCs in their 
bulges, and each LRC contained, in genera), fewer grains 
per nucleus. Most likely this is because the bulge regions 




Figure 4. Identification of LRCs in Adult SENCAfl Mouse Epidermis 
and Hair FoflJcies 

Adult mice ware continuously labeled for 2 weeks using implanted 
pumps. To induce the slow-cyriing colts into a proliferative phase, the 
skin was treated topically with TPA once darty for the first 4 days (see 
Experimental Procedures). After the labeling was completed, the label 
was chased for 4 weeks, and skin sections were prepared for autoradi- 
ography. In (a) and (b) several LRCs (arrows) In the epidermis are Blue* 
trated. Low magnification survey pictures Fn (c) and (o) show two differ- 
ent fields with their bulge (B) areas magnified in (d) and (f), 
respective!* Note the LRCs (arrows) in the bulge (8) areas and their 
absence in sebaceous glands (S). Calibration bar in (f) - 13 urn; 
micrographs in (a), (b), and (d) are at the same magnification, Cailbra- 
tion bar m (c) - 100 um. Calibration bar in (e) - 66 urn. 



of only a few adult hair follicles were replicating during the 
2 weeks of continuous labeling. To test this hypothesis, we 
painted mouse skin during the first 4 days of the labeling 
period with TPA, a potent tumor promoter known to stimu- 
late DNA synthesis in both the epidermis and hair follicle 
{Scbweteer and Marks, 1977; Bhisey et al. f 1982, Ogawa 
and Hattori, 1983). This resulted in a markedly increased 
number of LRC-containing bulges and a significantly 
higher number of stiver grains per labeled nucleus (Fig- 
ures 4c-4f). This indicates that the normally slow-cycling 
cells within the adult bulges (as well as other cells) can be 
stimulated to proliferate. Significantly, once the external 
stimulation was removed, the bulge ceils were apparently 
the only ones that returned to their previously slow-cycling 
state, as they were the only cells observed within the 
pUosebaceous unit to retain their label for a long period 
of tlma Similar to what we found in the skin of newborn 
SENCAR mice {Figure 2b), only a few LRCs could be de- 
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Rgum 5. UttrastructuraJ Characterization of the Bulge Cells 

(a) Low magnification survey picture of a bulge (B) budding out from 
the outer root sheath (ORS). Calibration bar s 5 urn. 

(b) Two outer root sheath basal cells showing prominent tnnofitament 
bundles (t) attached to desmo somes (d). N, nucleus. Calibration bar 

(c) The bulge cells with n umerous microvilli (m) projecting into the Inter- 
cellular apace and a "primitive* cytopJasm filled with ri bosom es. d, des- 
mosome; N. nucleus. Calibration bar * 05 urn. 



tscted in the basal layer of normal adult epidermis; how- 
ever, epidermal LRCs were observed with greater fre- 
quency in the TPArtreated skin (Figures 4a and 4b). 

These results indicate that a population of.LRCs or 
slow-cycling cells exists exclusively in the bulge area of 
the hair follicle. To assess the state of differentiation In 
these cells, we examined them by transmission electron 
microscopy. These cells are characterized by a cytoplasm 
filled with ribosomes and relatively devoid of keratin fila- 
ment bundles (Figure 5c); these features are typical of rel- 
atively undifferentiated or primitive" cells. Ultrastructurally, 
these bulge cells are extremely similar to the unserrated 
basal cells of the deep rote ridges of monkey palm epi- 
dermis. These unserrated cells were also found to be slow 
cycling and were Identified as the putative stem cells of 
the palm and sole epithella (Lavker and Sun, 1982, 1983). 

Although these data alone do not prove conclusively 
that the LRCs of the bulge area are stem cells, a critical 
reeveJuation of the literature revealed additional evidence, 
previously thought to be paradoxical, that lends strong 
support to the notion that hair follicle stem cells reside 
in the bulge. For example, Montagna and Chase (1956) 
found that X-irradlation can destroy the hair matrix, but 



cells in the outer root sheath can regenerate a complete 
hair bulb. Based on this, Montagna (1962) suggested that 
"the seed, or germinauVe source of each generation of 
hair follicles, must reside in the outer root sheath and not 
In the bulb." Consistent data were obtained by Oliver (1966, 
1967a, 1987b) and Ibrahim and Wright (1982A), who 
showed that the tower half of rat (vibrissa) hair follicles can 
be surgically removed, and a new hair bulb can regener- 
ate in response to the implantation of a new dermal 
papilla. This result strongly suggests that hair follicular . 
. stem cells are located In the upper half of the follicle, 
which includes the region of the bulge. Finally, surgical 
removal of human axillary hair follicles up to a level near 
the sebaceous gland did not prevent the regeneration of 
new hair follicles (Inaba et ah, 1979). This again suggests 
that hair foUide stem cells are located in the upper half of 
the follicle in an area immediately below the sebaceous 
gland opening, i.e., the region of the bulge. 

The bulge structure is by no means unique to the hair 
follicles of the mouse. Madsen (1964) identified outer root 
sheath bulges In human trunk and neck skin; however, 
bulges are less conspicuous in the follicles of the scalp. 
Similar lateral swellings or bulges have also been de- 
scribed in embryonic and adult follicles of the sheep (Au- 
ber, 1952). « % 

Advantages o) the Bulge As a Srte of Hafr 
Follicle Stem' Cells 

There are several biological advantages for follicular stem 
cells to be* located in the bulge area instead of the lower 
bulb. First, unlike the hair bulb, which undergoes cyclic 
degeneration, cells in the bulge area are in the permanent 
portion of the hair follicle- Situated at the lower end of the 
permanent portion, bulge cells are in a strategically con- 
venient position to interact, during late telogen, with the 
upcoming dermal papilla and to send out a new follicular 
downgrowth during early anagen (see below). Second, 
basal cells of the bulge form an outgrowth pointing away 
from the hair shaft (Figures 2a and 4c) and are therefore 
safeguarded against accidental loss due to plucking. The 
bulb area, however, is vulnerable to damage by plucking 
(Bassukas and Hornstein, 1989). An analogous situation 
exists in limbal epithelium (site of corneal epithelial stem 
cells), which adheres tightly to the underlying stroma and 
is therefore extremely resistant to shearing. In contrast, 
corneal epithelium Is easily torn from its stromal base 
(Schermer et aL, 1986; Cotsarelis et el., 1989). Finally, the 
bulge Is a reasonably vascularized area so that cells in 
this area are well nourished (Ellis and Moretti, 1959; Mon- 
tagna, 1962). 

Hair Cycle: The Bulge Activation Hypothesis 

Although the histological changes occurring during the 
growing (anagen), regressing (catagen), and resting (telo- 
gen) phases of the hair cycle have been described in de- 
tail, the mechanistic basis underlying the cessation and 
reactivation of follicular growth has remained obscure 
(Johnson, 1965; EbTing, 1976). 

The recognition that hair follicle stem cells may reside 
in the bulge area, coupled with the current concept of 
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Flfluwa Hair Cydo: The Bulgg Activation Hypothesis 
Mustratsd are different phases of the heir cycle including (a) anagen 
VI, (b) catagen, (c) tetogen, (d) anagen II, and (e) anagen IV. Different 
structures are laoeled, including the arrectar plQ muscle <APM>. bulge 
(B\ cortex (C), dermal papilla (DP), epioefmie (E), Inner root sheath 
(IRS), matrix (M), medulla (Md). outer root sheath (OAS), and seba- 
ceous gland (S). B and B* denote quiescent and activated bulge cells, 
respectively Follicular structures above the dashed Una form the per- 
manent portion of the foiltcte; keratinocytas below the bulge degener- 
ate during catagen and tetogen and are therefore dispensable. This 
model defines tour major elements Involved in controlling the cyctic 
growth of hair fotlicles: activation of the bulge by dermal papilla (c). ac- 
tivation of mesenchymal papilla by the growing matrix (e), limited 
proliferative potential of matrix celts as TA ceils (a), and upward migra- 
tion/movement of the derma! papilla (b). 

stem cells, led us to propose a model that provides a con- 
ceptual framework regarding how the hair cycle may be 
controlled. This model, shown schematically in Figure 6\ 
takes into account most of the critical events known to oc- 
cur during various phases of the hair cycle. The salient 
features of this mode] are presented below. 
Activation of Bulge Stem Cells by the Dermal 
Papilla during Late Telogen 

During late telogen Or early anagen, the normally slow- 
cycling stem cells of the bulge area are activated (desig- 
nated In Figure 6d as 8*) by dermal papilla ceils. The 
mechanism of this activation is unknown but could involve 
a diffusible dermal papilla-derived growth factor and/or 
direct ceP-cell contact (Suglyama et ai., 1976), which is 
also known to occur during a comparable stage In em- 
bryonic hair formation (Robins and Breathnach, 1969). 
This activation leads to the proliferation of some cells in 
the bulge area (the germinal epithelium; Chase, 1954), 
which forms a downgrowth. As the derma! papilla is pushed 
away from the bulge by this newly formed epithelial col- 
umn, the bulge stem cells presumably return to their nor* 
malty quiescent, slow-cycling state (designated as 6 in 
Figure 6) in mkJanagen. Experiments are in progress to 
test this hypothesis. 



Activation of the Dermal Papilla by the Matrix 
during Mldanagen 

The dermal papilla is known to undergo hair cycle-depen- 
dent changes in its volume, histological appearance, and 
basement membrane composition (Montagna, 1962; Puc- 
ctneili et al„ 1968; Couchman and Gibson, 1985). During 
most phases of the hair cycle, the dermal papilla appears 
to be relatively dormant (Moffat, 1968). However, Pierard 
and de la Brassinne (1975) showed that during anagen 
stage IV there is a burst of ceil proliferation in the dermal 
papilla. Some of these replicating papillary ceils are en- 
dothelial cells engaged in angicgertesia, which also oc- 
curs in the perifollicular area (Pierard and de la Brassinne, 
1975; Sholley and Cotran, 1976). Since matrix (keratmo- 
cyte) proliferation clearly precedes vascular proliferation, 
these results suggest that during midanagen (stage IV), 
matrix ceOs are capable of stimulating dermal papilla and 
other perifollicular mesenchymal cells to undergo prolifer- 
ation and possibly metabolic activation (Silver and Chase, 
1977). In support of this possibility, Stenn et al. (1988) have 
recently demonstrated angiogenic activity of anagen hair 
matrix. Possible consequences of this activation Include 
the formation of new blood vessels that would undoubt- 
edly facilitate rapid hair growth (Hockel et ai.. 1984). In ad- 
dition, this activation may "loosen up* and thus increase 
the volume of the dermal papilla. This step may be crucial 
since Van Scott and Eke! (1956) and Ibrahim and Wright 
(1982) have shown that the volume of the hair matrix as 
well as the diameter and length of the resulting hair is 
strictly proportional to the volume of the dermal papilla. 
Matrix Cells Are TA Cells 

Since almost 100% of matrix cells are involved in continu- 
ous replication, they are most likely TA cells derived from 
the putative stem ceils residing in the distant bulge area. 
The scheme of stem cells— TA cells—terminally differen- 
tiated ceils has been described previously in detail (Laf 
tha. 1979; Potten et al., 1979; Lavker and Sun, 1982, 1983; 
Butck and Wlak, 1984; Wright and Alison, 1984; Cot- 
sarefis et al., 1989; Hall and Watt, 1989). According to this 
concept, stem cells possess an unlimited life span (rela- 
tive to the life span of the animal) and are slow cycling 
(Wright and Alison. 1984). After each stem cell division, on 
average one of the two (probably identical) daughter cells 
leaves the stem cell niche (the bulge area, which presum- 
ably contains local environmental factors essential for the 
maintenance of the cell's "sternness") and becomes a TA 
can (the matrix cell; see Schofield, 1983). Since such TA 
ceUs, by definition, have only a limited proliferative poten- 
tial, they eventually become exhausted and undergo ter- 
minal differentiation, which is exactly what happens dur- 
ing catagen (Straile et al., 1961). According to this 
hypothesis, the length of anagen is an intrinsic property 
of the matrix cells; this may explain why, once started, the 
length of the growing phase is relatively insensitive to en- 
vironmental factors (EWing, 1978). 
Upward Movement of Dermal Papilla Is Critically 
Important for the AcVvatlon of Hair Stem Cells 
Oaring early catagen, the dermal papilla is condensed 
and becomes increasingly distant from the regressing ma- 
trix. They are stID connected, however, by an epithelial 



column or sheath (Figure 6b). Later, the derma) papilla is 
pulted upward, presumably through the contractile activi- 
ties of the outer root sheath cells and/or the connective 
sheath cells that wrap around the derma) papilla (for refer- 
ences see De Weert et al M 1982). This upward movement 
of the dermal papilla apparently plays a critical rote in the 
subsequent activation of cells in the bulge area. A striking 
example illustrating the importance of this movement is 
provided by the hairless mouse mutant (Montagna et a)., 
1952; Chase, 1954). In this animal, the first round of hair 
growth is norma) up to catagen with the formation of an 
epithelial strand connecting the club hair and dermal 
papilla (Figure 6b). However, in the mutant this strand fails 
to shorten and becomes constricted and broken at several 
places, possibly due to a defective connective tissue 
sheath. Consequently, the dermal papilla stays down, and 
no subsequent hair growth occurs, presumably because 
the bulge cells cannot be activated. 

Biological Implications of the Bulge 
Stem Cell Model 

In Vitro Cultivation of Hair Follicle Coils 
Although dermal papilla cells have been successfully cul- 
tured and, at least for a limited period of time, retain their 
ability to induce follicular regeneration (Jahoda et aJ. T 
1984; Messenger, 1985; Home et al, 1986), no one has 
yet developed a satisfactory method for growing in vitro 
J® ratinocytes capable of undergoing (hair shaft-type) fol- 
licular differentiation. This may be attributed to two rea- 
sons. First, most efforts to date have focused on matrix 
cells, which, being TA cells with an exceptionally strict der- 
mal papilla dependence (Figure 6), may have a rather 
limited in vitro lifespan (Rogers et al., 1987; T.T. S., unpub- 
lished data). Second, efforts have been made to grow the 
outer root sheath cells mostly using plucked hair as a 
source (Waterings et al., 1982; lmcke et al., 1987). Since 
we know that basal cells of the bulge are quite resistant 
to physical removal and tend to remain behind after hair 
plucking (data not shown), such cultures are probably de- 
void of bulge cells. Future experiments designed to grow 
the bulge cells, with cocuitured dermal papilla cells and/or 
their secreted products, could be rewarding. 
Diseases of the Hair Follicle 
In the model presented in Figure 6\ we have defined four 
important elements in controlling hair growth: bulge acti- 
vation, dermal papilla activation, the limited proliferative 
potential of matrix cells, and the upward migration of the 
dermal papilla. Defects in any of these elements could re- 
sult In abnormal hair growth or hair loss, as exemplified 
by the hairless mouse situation cited earlier. With this as 
a basis, we rjelieve that a critical reexamination of certain 
aspects of follicular pathology and cell kinetics, paying 
special attention to abnormalities in the bulge and dermal 
papilla during different phases of the hair cycle, could 
lead to an improved classification and a refined under- 
Standing of various hair diseases. 
Follicular Origin of Most Experimentally 
inducod Skin Carcinomas 

Mouse skin has been used extensively as a model system 
for studying chemical carcinogenesis (Yuspa, 1986). A 



carcinogen is usually applied topically onto a shaved area 
of the skin, and subsequent tumor formation is observed. 
A previously unexplained outcome of this type of experi- 
ment is that tumor formation shows a strict dependence 
on the hair cycle, with the resting phase (telogen) being 
most susceptible (Artdreasen. 1953; Borum, 1954; Argyris, 
1980). For example, Borum (1954) found that of the 55 
mice that were treated with 9,10-o1metrtyM^-benzanthn> 
cene during the growing phase of the hair cycle, none 
(0%) gave rise to papillomas. In contrast, 40 (88%) of the 
45 animals treated during the resting phase of the hair cy- 
cle developed skin papillomas. Although this implies that 
the hair follicle plays a central role in skin carcinogenesis, 
the idea has remained controversial (sea, ag., Giovanella 
et al., 1970; rversen and rversen, 1976). Argyris (1980) sum- 
marized the uncertainties in this area by stating that "untB 
more definitive experiments are completed, we should 
keep an open mind that it is possible that epidermal tu- 
mors promoted by TPA or abrasion arise from hair follicle 
cells" 

In this regard, our finding that follicular stem cells may 
reside In the bulge area is highly significant. This is be- 
cause outer root sheath cells of the upper follicle, includ- 
ing the bulge cells (Figures 2-4), are known to be more 
accessible to topically applied skin carcinogens during 
the resting phase (telogen) of the hair cycle, when the in- 
ner root sheath ceils, which normally seal the hair canal, 
are absent (Figure 6c; Wolbach, 195t; Roth, 1967). Specif- 
icafly, Berenblum et al. (1959) showed that topically ap- 
plied carcinogens penetrate better and are retained up to 
10 times longer in telogen follicles than in anagen folRcles. 
Therefore, follicular stem cells in the telogen phase are ef- 
fectively exposed to a much higher concentration of the 
carcinogen for a longer period of time than stem cells of 
anagen follicles or interfollicular epidermis. The striking 
correlation between the tumor yield and the enhanced ac- 
cessibility of the follicular stem ceB zone to carcinogens 
strongly suggests that stem cells of the hair follicle, rather 
than interfollicular epidermis, are involved in and are 
largely responsible for experimental tumor formation in 
mouse skin. There are additional data that lend support 
to this thesis. First, Gharitalry (1961) studied the role of the 
hair foll icle in the origin and evolution of some experimen- 
tally produced cutaneous neoplasms. He found that the 
most common carcinogen-induced epithelial tumor of the 
skin (the type I keratoacanthoma) arises from the superfi- 
cial part of the hair follicle. He believes that "the so-called 
papillomas experimentally induced in mouse by the car- 
cinogens are, in fact, the result of early exfoliation of type 
I keratoacanthomas and as such are tumors derived from 
the necks of the hair follicles: Bhisey et al. (1982) also 
shared the view that most mouse skin tumors are follicle 
related. Second, Steinmuller (1971) showed m transplanta- 
tion experiments that papillomas can arise from the epi- 
thelial rudiments of carcinogen-exposed hair follicles. Fi- 
nally, Morris et al. (1986) demonstrated recently that 2% 
of mouse epidermal basal cells and 4%~5% of infundibu- 
lum and outer root sheath cells (but, interestingly, no ma- 
trix ceils) retain carcinogen for a long period of time and 
are thus t&ety to be responsible tor tumor formation". Al- 
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though this result does not differentiate between follicular 
and interfolficular cells in terms of their relative contribu- 
tions to tumor formation, it argues against the involvement 
of matrix cefls in skin chemfcaJ carcinogenesis. 

Taken together, these data strongly suggest that a great 
majority of the tumors experimentally produced on mouse 
skin during the resting phase of the hair cycle are derived 
from follicular stem cells (of the bulge area) instead of the 
epidermis. Although this does not diminish the impor- 
tance of studying experimentally induced tumors, it does 
raise questions regarding the immediate relevance of 
such data to epidermal tumors. For example, what are the 
relative contributions of the follicle and interfblticutar epi- 
dermis in giving rise to various human skin carcinomas? 
Do human tumors derived from the epidermis behave in 
the same way as those originating from the hair follicle? 
These questions are of particular interest because of the 
possibility that what we have learned about cutaneous 
tumors by studying chemical carcinogenesis of mouse 
skin may turn out to be immediately applicable to -only 
follicle-derived tumors. 
Pturipotont Stem Colls? 

Primarily based on the behavior of epidermal and follicu- 
lar tumors, Pinkus and Mehregan (1981) hypothesized the 
existence of a population of skin piuripotent stem cellsJhat 
can give rise not only to hair follicles, but also to sebaceous 
gland and the epidermis. This view was also expressed by 
Chase (1954) who, based mainly on theological arguments, 
actually placed such hypothetical piuripotent stem cells in 
the "upper outer (root) sheath" Our identification of a pop- 
ulation of putative stem cells located exclusively in the 
bulge area (Figures 2-4), which occupies a strategically 
central position immediately adjacent to the opening of 
the sebaceous gland (which, interestingly, contains no 
LPCa, suggesting that its stem cells may exist elsewhere) 
as weH as the epidermis, is consistent with their being the 
hypothesized piuripotent stem cells. Additional experiments 
are needed to test this idea and to define the relationship 
between the bulge cells and the slow-cycling epidermal 
(stem) cetis. 

Experiments! Procoduroo 
Localization of LsboMtotolnlng Colto 

SENCAfl mice (Chivies River Labi, 8oston, MA) were used in all our 
experiments, To tatei slow-cyctlng cells In neonatal mica, animals re- 
ceived subcutaneous injections of 5 uCi of [nftethyt^pbft (specific 
activity 82.7 a/rnmof; New England Nudear, Boston. MA) per gram of 
body weight twice dally for the first 7 days of life (5-1S uCi por animal 
per day. depending on the weight of the mouse). Afterward the mice 
were sacrificed either Immediately (time 0) or at weekly intervals for up 
to 8 weeks. Pieces of flank akin were exdssd, fixed in 10% phosphate- 
buffered formalin, embedded in JB-4 plastic sectioned at 3 pm, and 
assayed by autoradiography (Cotsareiis et at, 1889). Since at no time 
wen) there more than two grains over a nucleus in control tissues not 
exposed to pHrrafl background), nuctoi with five or more grains 
were unequivocally labeled and were considered LRCs. 

lb label slow-cycling celts in adult (4-week-oid) mice, two Abet os- 
motic minipumpa (model 2002, ALza Corp., Palo Alto, CA), each loaded 
with 200 vlCI of pHITdR. were implanted intraperitoneeJfy in each 
SENCAR mouse. Each pump delivered 10 uCi of pHJTdR (In 10 *if) per 
day; the total dose is therefore 20 pCf per animal per day. After a con- 
tinuous labeling of 14 days, pumps were surgically removed and the 
mice sacrificed either Immediately or at weekly inrsrvaJo for up to 8 



weeks. At this dose the animals appeared healthy, with normal stfn 
histology during the entire course of the experiments. Tissues were 
harvested and processed as described above. 

Inducement of SSc^-Cyctirog Cello Into a Ptoittofotlvo Pfocoo 
Tb facilitate detection of LRCs In adult mice, we induced these cells to 
proliferate {Cotsaretis et bL, 1889). AJxet osmotic mint pumps were im- 
planted intrapsrltonsafiy in adult SENCAR mice as described. During 
the first 4 days of the 14 day labeling period. 001% TPA In petrolatum 
was appdeti topically once dairy to the right Rank. As a control, mice 
ware treaisd with petroiatuiTi onfy Tho cntmcis wero sacrmced and tU> 
sue was processed as described. 

HtotoSegy end Aartcrodtesrcpfcy 

After fixation in torrnaGn, tissues wero dehydrated through a graded se- 
ries of ethyl alcohol and Infiltrated overnight in a monomer solution of 
JB-4 vmtor^okibio plasilc modJa (PoSyectences, Fort Washington, PA). 
Tissues were embedded in JB-4 embedding mec3um r and 3 pm sec- 
tions were cut with a glass knife on a RelcherWung 2050 Supercu* 
rrtcrotomo (Cambrtdcp Instruments, Buffalo, NY% Autoradiography 
was performed as described earner (Cotsareiis et at, 1989). 

ThmsmlDolon Electron Wteroocopy 

Races of neonate and adult Sank skin wsre fixed with paraformald> 
hydd-gtutaraldehyde and wero processed for transmission electron 
microscopy as previously described (Lavfesr and Sun, 1982). 
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